Gal+ cell vaccines modified α-1, 3-GT genes improved the antitumor effect.
Introduction
Whole tumor cell vaccines have been investigated for a long time in clinical and basic studies (1) (2) (3) . Whole tumor cell vaccines have obvious advantages in cancer immunotherapy (4) . First of all, whole tumor cell vaccines offer a wide spectrum of tumor antigens (5) and unknown tumor associated antigen to elicit tumor-specific immunity (6) . Second, whole tumor cell vaccines facilitate a high-efficiency antitumor response (7) . Whole tumor cell vaccines were processed and presented all tumor antigen peptides to induce a robust polyclonal T cell immune response by MHC class I and class II of dendritic cells. The CD4 + Th cells stimulated by whole tumor cell vaccines could also promote CD8 + T cells to generate a stronger antitumor effect and long-term memory (2) . Numerous phase I and II clinical trials have shown that whole tumor cell vaccines had significant clinical benefits. However, phase III clinical trials of whole tumor cell vaccines usually fail to produce significant clinical effect (8) (9) (10) . Many studies have shown that the lack of tumor antigen expression in cancer evolution and immunosuppression exploited by the tumor itself may be the main determinant of the limited efficiency (11, 12) . Therefore, in order to improve the antitumor effect of whole tumor cell vaccines, exploiting other antitumor approach is required.
The α-Gal is a carbohydrate epitope, which is generated in pigs and New World monkeys by the α-1, 3-galactosyltransferase (α-1, 3-GT) (13) (14) (15) . α-Gal epitope does not exist in humans and old world monkeys because their α-1,3-GT genes have become silenced during biological evolution (16) (17) (18) . As humans do not have α-Gal epitopes, they produce a lot of anti-α-Gal antibody in response to stimulation of gastrointestinal bacteria (19) (20) (21) α-Gal on cell surface could trigger rapid humoral immune response and strong cellular immune response. In addition, α-Gal also promote T cell division and secretion of TNF-α, and IFN-γ (22, 23) . These results suggest α-Gal is a potential adjuvant for cancer immunotherapy.
We modified genetically MDA-MB-231 cell vaccines by replication defective retroviral expressing α-1, 3-GT genes. Our results demonstrated that the whole tumor cell vaccines expressing α-gal produced high efficient protection and antitumor immunity. In conclusion, our data showed that whole tumor cell vaccines expressing α-Gal enhanced therapeutic antitumor effect.
Materials and methods

Cells and animals.
The human breast cancer cell line MDA-MB-231 cells were purchased from American Type Culture Collection (ATCC, vA, uSA). MDA-MB-231 cells were cultured in complete DMEM media (gibco, CA, uSA) with 10% fetal bovine serum (FBS) and 100 u/ml penicillin/ streptomycin. MDA-MB-231
Gal+ cells expressing α-1, 3-GT and control cells were obtained by GenScript (Nanjing, China) and maintained in DMEM cultured with 10% FBS, 100 u/ml penicillin/streptomycin and 0.35 µg/ml puromycin.
NOD.CB17-Prkdcscid/NcrCrlvr (NOD-scid) mice 3-4 weeks of age were obtained from vital River Lab Animal Technology Co. (Beijing, China). They were housed in a specific pathogen-free facility in microisolator cages, given autoclaved food and water. All experiments were carried out according to the Federation of European Laboratory Animal Science Association guidelines and all protocols were approved by the Institutional Animal Care and use Committees of guangxi Medical university, Nanning, guangxi, China.
Construction of α-1, 3-GT genes and lentiviral transduction of MDA-MB-231 cells. Lentiviral containing α-1, 3-GT genes were constructed as previously described. The cDNAs expressing α-1, 3-gT was cloned into a lentiviral vector pLvX-Puro. The reconstructed lentiviral plasmid or empty lentiviral plasmid vector were co-transfected into the 293T cells to produce virus stock. MDA-MB-231 cells were infected by lentiviral stably expressing α-1, 3-gT-His and then cultured in complete DMEM media and 0.35 µg/ml puromycin. Cells were selected with puromycin and were named MDA-MB-231
Gal+ cells. Similarly, the control cell were named MDA-MB-231
Gal-cells.
RT-PCR.
RT-PCR was performed as previously described (24) . mRNA was obtained from MDA-MB-231 Gal+ cells,
MDA-MB-231
Gal-cells by use of the RNeasy kit (Qiagen). cDNA was synthesized from total RNA. Sequences of primers were for α-1, 3-gT (forward, TgCTTgTCTCAACTgTAATg; reverse, TCTTCTTCTTCgTggTAACT), β-actin (forward, ACCACACCTTCTACAATgA; reverse, ATAgCACAgCC TggATAg) designed by primer premier 5.0. RT-PCR was carried out in a Applied Biosystems 7300 real-time PCR system. Results were analysed by use of Light Cycler Software version 3.
Western blotting. MDA-MB-231
Gal-, MDA-MB-231
Gal+ tumor cells were washed at 4˚C and lysed in RIPA buffer on ice. Then, cell lysates were centrifuged at 13,000 g at 4˚C for 20 min. Total protein concentration in the cell lysate was measured by BCA Protein Quantification kit (Beyotime Biotechnology). Cell lysates were separated by SDS-PAgE and transferred onto a nitrocellulose membrane. The nitrocellulose membrane was incubated with primary His antibody at 4˚C overnight. After washing the nitrocellulose membrane with TBS-T three times for 10 min each at room temperature, the nitrocellulose membrane was incubated with horseradish peroxidase (HRP)-conjugated anti-Igg Abs (ZSgB-Bio, Beijing, China). Protein band intensities were quantified by use of the diaminobenzidine (DAB) kit (SolarBio, Beijing, China). β-actin was used as internal control.
Immune and tumor models. Human PBMCs and serum were obtained from fresh peripheral blood of healthy volunteers, with signed informed consent for use of blood in accordance with the Declaration of Helsinki. PBMCs were isolated by Ficoll Hypaque density-gradient centrifugation. PBMCs were suspended at a density of 1x10 8 cells/ml by RPMI-1640. PBMCs suspension (100 µl) and 100 µl serum were injected into NOD-SCID mice. NOD-SCID mice with reconstituted intact human immune system were named Hu-NOD-SCID mice.
To study protective effect of these vaccines, the Hu-NOD-SCID mice were inoculated with 2x10
6 irradiated MDA-MB-231
Gal-tumor cell vaccines, or phosphate-buffered saline (PBS) intraperitoneally on days 0, 7, 14 and 21. After the completion of immunization, Hu-NOD-SCID mice were implanted with 1x10
6 live MDA-MB-231 tumor cells into the right side. Animal experiments were approved by the Institutional Animal Care and use Committees of guangxi Medical university, Nanning, guangxi, China.
To study the antitumor effect of these vaccines on tumor-bearing Hu-NOD-SCID mice, the tumor-bearing Hu-NOD-SCID mice were injected 1x10 6 irradiated MDA-MB-231
Gal-tumor cell vaccines or PBS on days 7, 14 and 21 after Hu-NOD-SCID mice were implanted with 1x10 6 live MDA-MB-231 tumor cells into the right side on day 0.
Tumor volume was measured every 5 days, according to the formula: width 2 x length x 0.52. Mice were monitored every day until they died, the date of death were recorded.
Flow cytometry. A total of 5x10
5 MDA-MB-231
Gal-cells were incubated with Isolectin Griffonia simplicifolia-IB 4 (Invitrogen, CA, uSA) at 4˚C for 1 h. The α-gal reacted with Isolectin gS-IB4 was detected by flow cytometry (Beckman Coulter Epics XL-MCL, MA, uSA) (25) .
To determine whether the immune cells change in the tumor of mice immunized by tumor cell vaccines. The tumor cell suspensions were obtained from tumor-bearing mice. Tumor cell suspensions were incubated with FITC-conjugated anti-CD8 antibody and PE-conjugated anti-CD3 antibody at 4˚C for 30 min for extracellular staining. The fluorescently stained cells were detected by flow cytometry (Beckman Coulter Epics XL-MCL), and the data were analyzed using FlowJo Software 7.6.2 (OR, uSA).
ELISA. The levels of INF-γ, IL-12, IL-10, TGF-β in serum of mice were quantified by ELISA according to the manufacturer's instructions. Optical densities were texted by use of a microplate reader at 450-nm wavelength. The data are presented as the means of triplicate wells.
Immunohistochemistry. Cell proliferation and apoptosis in tumor xenografts of mice were evaluated by immunohistochemistry. Tumor tissues were cut to 0.4-mm sections, deparaffinized with xylene and graded alcohols. Endogenous peroxidase inactivation and antigen retrieval of tumor tissues were performed by standard procedure. Proliferation was evaluated by Ki67 immunostaining. TdT-mediated duTP-biotin nick end labeling (TuNEL) was used to detect apoptotic cells in FFPE cell blocks.
Statistical analysis. Data were analysed by using SPSS 17.0. Data are expressed as mean ± SD. The significance of the results of experiments was analysed by one-way ANOvA. Survival curves were analyzed by Kaplan-Meier method and the log-rank test. Three replicates were done for each experiment.
* P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001 compared with PBS control (CON).
Results
MDA-MB-231
Gal+ tumor cells can express α-1, 3-GT in vitro.
Gal+ tumor cells were transfected with the α-1, 3-GT expression lentiviral or empty lentiviral as described in Materials and methods. Total RNA and protein samples were obtained from MDA-MB-231 Gal+ and MDA-MB-231 Gal-tumor cells, and then analyzed via RT-PCR and western blotting using antibody. As shown in Fig. 1A and B, the α-1, 3-GT RNA and α-1, 3-gT were detected in the MDA-MB-231
Gal-cells. To assess α-Gal generated by α-1, 3-gT, MDA-MB-231
Gal+ cells were incubated with Isolectin gS-IB 4 and then detected by flow cytometry (25) . As shown in Fig. 1C , the results showed higher levels of α-gal in the MDA-MB-231
Gal+ tumor cells than in the MDA-MB-231
Gal-cells. These results demonstrated that the MDA-MB-231
Gal+ cells expressed active α-1, 3-GT and produced α-Gal epitope in vitro.
Gal+ cell vaccines inhibit tumor growth and tumorigenesis in immunized mice. In order to study whether the irradiated MDA-MB-231
Gal+ cell vaccines induced protective antitumor immunity, we evaluated the formation and growth of tumors in immunized mice. Hu-NOD-SCID mice were immunized with irradiated tumor cell vaccines and challenged with live MDA-MB-231 tumor cells as previously described. As shown in Fig. 2 
, tumorigenesis rates in mice immunized with MDA-MB-231
Gal+ cell vaccines were lower than in mice immunized with MDA-MB-231
Gal-cells or PBS. Tumor growth curves showed that the tumor growth in mice immunized with MDA-MB-231 Gal+ cell vaccines was slower than other groups.
MDA-MB-231
Gal+ cell vaccines inhibit tumor growth in mammary tumor-bearing mice. The antitumor efficacy of
Gal+ cell vaccines was evaluated in mammary tumor models. Tumor-bearing mice were injected with the tumor cell vaccines three times. As shown in Fig. 3 , tumor growth in the MDA-MB-231
Gal+ tumor cell vaccines treated group was significantly slower and the lifespan in the MDA-MB-231
Gal+ tumor cell vaccines treated group was markedly prolonged compared with the other control groups. These data demonstrated that MDA-MB-231
Gal+ tumor cell vaccines were more effective than the control groups in eliciting antitumor effect in tumor-bearing mice.
Gal+ tumor cell vaccines increase apoptosis and inhibit proliferation in tumor xenografts of mice. To measure apoptotic cells in tumor xenografts of mice, we performed TdT-mediated duTP-biotin nick end labeling (TuNEL). As shown in Fig. 4 
, MDA-MB-231
Gal+ tumor cell vaccines significantly increased the number of apoptotic cells compared with the other control groups. To evaluate the effect of MDA-MB-231
Gal+ cell vaccines on proliferation of tumor, it was assessed by counting Ki67-positive tumor cells.
MDA-MB-231
Gal+ tumor cell vaccines significantly inhibited proliferation of tumor compared with the other control groups. In summary, these data indicated that MDA-MB-231
Gal+ tumor cell vaccines significantly inhibited growth of breast cancer.
The levels of cytokine secretion in the serum of mice treated with tumor cell vaccines. Cytokine secretion was analyzed to determine immunity activation. Mice were treated at indicated time and dose, expression of IL-12p70, INF-γ, IL-10, TGF-β in the serum of mice treated with tumor cell vaccines was measured. As shown in Fig. 5 , the levels of IL-12p70, INF-γ in the serum of mice treated with MDA-MB-231
Gal+ tumor cell vaccines were significantly higher than mice treated with MDA-MB-231
Gal-tumor cells or PBS, whereas the levels of IL-10, TGF-β were contrary.
Gal+ tumor cell vaccines enhance CD8 + T cells recruitment in the tumor microenvironment. To determine CD8 + T cells in the solid tumors, we performed flow cytometry to identify CD8 + T cells in the solid tumor cell suspension. As shown in Fig. 6 , MDA-MB-231
Gal+ cell vaccines significantly 
Discussion
Many studies have indicated that tumor cell vaccines have higher efficiency when treated in combination with immunologic adjuvant, chemotherapy and radiotherapy, cytokines (5,6). In addition, genetically modified tumor cell vaccines can also induce highly effective antitumor effect. Different genetically modified tumor cell vaccines have been developed, most of which were transfected with genes encoding proteins such as IL-12, IL-4, IL-7, IL-2, IL-6/sIL-6R, gM-CSF, TNF, IFN-γ, HLA molecules (HLA-B7), co-stimulatory molecules (B-7,1) (3, 26, 27) . With advances in genetically modified technology, tumor cell vaccines will be introduced into cancer immunotherapy in clinical practice.
In our studies, MDA-MB-231 Gal+ cells were transfected with lentiviral recombined α-1, 3-GT genes and expressed bioactive α-1, 3-GT in vitro. In this assay, we used live MDA-MB-231 tumor cells to generate tumor models to evaluate the antitumor effects of MDA-MB-231
Gal+ cell vaccines. Our data showed that MDA-MB-231
Gal+ cell vaccines inhibited tumor growth and tumorigenesis and proliferation in tumor xenografts of mice. In addition, MDA-MB-231 Gal+ cell vaccines could promote the levels of cytokine secretion and the recruitment of antitumor immune effective cells and apoptosis in tumor xenografts of mice. Our result implied that MDA-MB-231 Gal+ tumor cell vaccines could produce strong protective and antitumor immune effect. The result showed that genetically modified MDA-MB-231
Gal+ tumor cell vaccines represent promising strategies for highly effective antitumor therapies.
An efficient antitumor immune response induced by tumor antigen was not expressed, or expressed weakly on normal cells. The ideal tumor antigen should be expressed in all cancer and immunogenic cells (3, 28) . unfortunately, some of normal cells may also express tumor antigens. So tumor cells are not immunogenic enough to elicit immune response (28) . However, studies have shown that the α-Gal epitope increased the immunogenicity of viral vaccines, including the human immunodeficiency virus (HIv) vaccine and flu vaccine (29) . The α-gal epitope expressing on vaccines specifically binds to anti-Gal antibody (30) . The anti-Gal antibody also binds with the antigen presenting cells (APCs), which can promote the highly effective uptake of α-Gal epitope on the vaccine by APCs (31) (32) (33) . In addition, then antigen-specific CD8 + T cells are activated by MHC class I and class II molecules expressed on APCs. The antitumor immune response is mainly + T cells (34) . In our studies,
MDA-MB-231
Gal+ cell vaccines achieve high antitumor effects, which may owe to α-Gal epitope. However, further studies are required to determine the molecular mechanisms.
Studies have shown that tumor cells escape from immune effectors attack via complementary immunosuppressive mechanisms which make immunologic effector cell anergy. Tumor cells can improve secretion of immunosuppressive molecules and cytokines such as IL-10 and TGF-β (35) , which inhibit antitumor immunity responses and enhance Treg cell functions. TGF-β could also inhibit dendritic cell differentiation (36, 37) and NK cell immunologic functions (38) . As shown in Fig. 5A and B, an decrease of TgF-β, IL-10 were observed in MDA-MB-231
Gal+ cell vaccinated mice. Therefore,
Gal+ cell vaccines can reduce immunosuppressive cytokine production.
As shown in Fig. 5C and D, increase of IFN-γ and IL-12p70 were observed in MDA-MB-231
Gal+ cell vaccinated mice. IFN-γ is shown to have antitumorigenic immune effects (39) and activate NK cells, CD8 + T cells, and macrophages. IL-12 can stimulate NK cells and Th1 cells. Studies have shown that IL-12 plays a main role in antitumor immunity (5, 40) and protect prophylactically against live tumor cell challenge (26, 41) . In a mouse model, IL-12 can increase infiltrating CD3 + T cells (42) . Therefore, this can account for MDA-MB-231 Gal+ cell vaccines promoting antitumor immunity.
Taken together, immunotherapy has been the focus of tumor therapy study (43) . Our studies are the first report showing that MDA-MB-231
Gal+ cell vaccines induced powerful protective and antitumor effect. Notably, MDA-MB-231
Gal+ cell vaccines directly enhanced the recruitment of effector T cells and promoted the levels of cytokine secretion and cell apoptosis in tumor-bearing mice. These results implicate genetically modified tumor cells as vaccines can be exploited as a powerful therapeutic strategy for cancer, but more studies are necessary before performing clinical trials. 
